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Abstract
Neutron imaging using a pulsed neutron source is one of useful method to investigate microstructure of materials
depending on position in the material. Recently an analysis code to obtain quantitative information on crystallite size, 
preferred orientation, and strain has been developed, which can treat extinction, anisotropy, shift of the Bragg edge.
Furthermore, various experiments to see the position dependent change of the crystallographic characteristics. Here, 
the function of the analysis code is explained and some experimental results indicating the crystallographic 
information are presented.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of UCANS.
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1. Introduction
Various methods such as X-ray diffraction, neutron diffraction, electron back scattering, electron 
microscope and so on have been used for evaluating material characteristics.   The methods other than the 
neutron diffraction give information of the surface or thin materials and can give position dependent 
information with good spatial resolution. However, the information of inside of materials or thick 
materials cannot be obtained. The neutron diffraction can give information of inside of the materials and 
thick materials, but the position dependent information cannot be obtained with good spatial resolution 
and one measurement.
The neutron radiography is one method to see inside structure of an object. In the traditional method, 
reactor neutrons with wide energy spectrum, for example, thermal neutron spectrum is used.  Therefore, 
the energy dependent transmission is not obtained. On the other hand, a pulsed neutron source can afford 
Available online at www.sciencedirect.com
 2   lsevier B.V. Selection and/or pee -review under respons bility of UCANS
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
220   Yoshikai KIYANAGI et al. /  Physics Procedia  26 ( 2012 )  219 – 222 
an easy method to decide the neutron energy. The time-of-flight method to decide the neutron energy is 
the simple method using the difference of the flight time of the different energy neutrons, which is usually 
used at the pulsed neutron source. By coupling the time of flight method and a 2-dimensional position
sensitive detector we can get the position dependent transmission through a material. For many of 
crystalline materials the transmission spectrum has characteristic structure due to Bragg edges 
corresponding to crystallographic structure, and this structure reflects the crystal structure, crystallite size 
and preferred orientation [1-13]. The strain and the phase differences were also studied [14, 15], since 
strain appears as very small shift of the Bragg edge wavelength and phase transition as change of the edge 
wavelength. These data are rather simple to obtain by analyzing the transmission spectrum. On the other 
hand, crystallite size and preferred orientation were rather difficult to obtain and it was recognized that a 
data analysis code system was indispensable to obtain the quantitative information.  Therefore, we 
developed a data analysis code [16-18] and applied this code some material microstructure analysis.  Here, 
we explain the analysis code and the results for material studies.
2. Analysis of pulsed neutron transmission spectra
Typical neutron cross section includes crystallographic information as Bragg edges mainly at cold 
neutron region, and elemental information as resonance capture peaks above around eV to MeV region.
Therefore, we can deduce information on crystal structure from the transmission at the low energy region 
and content of elements at the higher energy region. By using the information comprehensively we will 
obtain the material characteristics totally. Here, we concentrate Bragg edge analysis since it gives direct 
information of the material structure.  We recognized the cross section measured with a bulk material 
was different from that in the barn book, and studied the reason.  The conclusion is that the total cross 
section around Bragg edges decreases with increasing the grain size, and the shape around the Bragg 
edges depend on the preferred orientation. They are well known effect in the neutron diffraction but the 
appearance is different. Therefore, we had to consider these effects for the analysis of the transmission 
spectra. The transmission experiment is simple. We need only the transmitted neutron spectrum through 
the sample, I(O),  and the direct neutron spectrum, I0(O). The transmission, Tr,  is expressed for a single 
element material by 
Tr(O)= I(O)/I0(O)=exp[-Vtot(O)Ut],
and VWot(O)is the total cross section, Uis thenumber density, and t is the thickness. The total cross section
consists of coherent elastic, incoherent inelastic, incoherent elastic, incoherent inelastic and absorption 
cross sections. In this study the most important cross section is the coherent elastic cross section since this 
includes the crystallographic information. Usually the total coherent cross section is presented under the 
conditions of isotropic orientation and no-extinction.  Therefore, we add the effects of these phenomena.
The cross section is expressed formally by the following formula. 
                                                                                                                                 .
Here, V0 is the unit cell volume, dhkl lattice plane distance, and Fhkl crystal structure factor.  The factors 
after Phkl are unique ones for the transmission measurement. Phkl corresponds resolution including the 
emission time of the neutrons, Ohkl preferred orientation, Ehkl extinction. For the preferred orientation we 
adopted March-Dollas probability function for hkl plane [19]. In this expression two parameters rhkl and 
Thkl appear. r is related to degree of anisotropy, and r=1 is isotropic orientation distribution. T is related to 
preferred orientation. For the extinction, Sabine model is adopted [20]. In this model we can obtain the 
crystallite size along the beam direction. Furthermore, we should consider the effect of the small angle 
scattering and the multiple scattering. However, here we did not include these effects in the analysis code. 
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Non-linear fitting procedure was also included to obtain the best fit parameters. The code developed was 
named as RITS (Rietveld-type Transmission Spectrum analysis code) [17].
3. Crystallographic information images 
3.1. Anisotropy and crystallite size of a welded iron plate
Iron is usually extended by applying pressure and the grain size become large along rolling direction. 
In the welding process recrystallization occurs and it was expected that the crystallite orientation and the 
crystallite size would be changed. In order to see the crystallite size and the anisotropy in the welded 
place as well as in the base material, we performed transmission experiments at Hokkaido University 
Neutron Source, HUNS, and applied the RITS code for the data analysis. The iron sample is 6 mm 
thickness and width is 100 mm. The results shown in Fig. 1 are for the cut plane of the welded sample. 
The upper figure is the photo of the sample. The welded position is around the center of the photo and at 
both sides the base iron materials exist. The middle figure indicates the anisotropy. Around center there is 
a position colored by blue, which indicates that the welded position became more isotropic than the base 
materials. The red area in the base metals shows strong anisotropy, and it is also recognized there is 
difference in the anisotropy even between base materials. The crystallite size is also indicated in the lower 
figure. It is indicated that the crystallite size in the welded region in smaller than that in the base metals.  
From these experiments the pulsed neutron transmission has been proved to have ability for investigating 
the crystallographic characteristics depending on the position. 
Fig. 1 Photo of a welded iron sample (upper), anisotropy (middle) and crystallite size (lower)
3.2. Strain of an iron plate under tensile test
The anisotropy and the crystallite size are deduced by analyzing the reduction of the cross section and 
the shape change around the Bragg edges. However, strain that is evaluated by analyzing the shift of the 
wavelength at the Bragg edge is difficult to obtain by using a compact neutron source experiment since 
the measurement requires very high wavelength resolution, namely high intensity neutron beam. The
measurements for investigating the strain were performed at the J-PARC neutron source. The sample 
photo is shown at the left of Fig. 2. The iron sample has two notches at the center of the plate with a size 
of 100 mm x100 mm. The thickness is 5 mm. The sample shape is different from the one usually used for 
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Fig. 2 Tensile test sample (left), strain distribution at 30 kN (centre) and at 40 kN (right)
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the tensile test. However, we considered to simulate more realistic situation, so chose a sample having 
notches. By using this sample we expected to know how the strain expanded in the sample. The center 
figure shows the strain distribution of {110} at 30kN load, and the large strain region appears near the 
notches. The right figure is at 40kN, and at this load the strain region expanded over wide area. The 
strain expansion is clearly demonstrated. 
4. Conclusions
At the compact pulsed neutron source the information of the preferred orientation and the crystallite
size is observed. Furthermore, phase transition is also measured although this is not introduced here. The 
information is useful for evaluation of the material characteristics. At high power source like J-PARC 
neutron source we can get the strain information. Therefore, the combined use of the compact neutron 
source and the high power neutron source is very useful for the comprehensive evaluation of the materials.
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